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(7) ABSTRACT

The present invention provides a nitrogen-free ARC/capping
layer in a low-k layer stack, which, in particular embodi-
ments, is comprised of carbon-containing silicon dioxide,
wherein the optical characteristics are tuned to conform to
the 193 nm lithography. Moreover, the ARC/capping layer is
directly formed on the low-k material, thereby also preserv-
ing the integrity thereof during an etch and chemical
mechanical polishing process.
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NITROGEN-FREE ARC/CAPPING LAYER AND
METHOD OF MANUFACTURING THE SAME

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] Generally, the present invention relates to the for-
mation of integrated circuits, and, more particularly, to
patterning low-k dielectrics used in metallization layers by
means of sophisticated lithography with appropriate ARC
layers.

[0003] 2. Description of the Related Art

[0004] In modern integrated circuits, minimum feature
sizes, such as the channel length of field effect transistors,
have reached the deep sub-micron range, thereby steadily
increasing the performance of these circuits in terms of
speed and/or power consumption. As the size of the indi-
vidual circuit elements is significantly reduced, thereby
improving, for example, the switching speed of the transistor
elements, the available floor space for interconnect lines
electrically connecting the individual circuit elements is also
decreased. Consequently, the dimensions of these intercon-
nect lines have to be reduced to compensate for a reduced
amount of available floor space and for an increased number
of circuit elements provided per chip.

[0005] In integrated circuits having minimum dimensions
of approximately 0.35 um and less, a limiting factor of
device performance is the signal propagation delay caused
by the switching speed of the transistor elements. As the
channel length of these transistor elements is further
decreased, and has now even reached 0.05 ym and less, it
turns out, however, that the signal propagation delay is no
longer limited by the field effect transistors but is limited,
owing to the increased circuit density, by the close proximity
of the interconnect lines, since the line-to-line capacitance
(C) is increased in combination with an increased resistance
(R) of the lines due to their reduced cross-sectional area. The
parasitic RC time constants therefore require the introduc-
tion of a new type of material for forming the metallization
layer.

[0006] Traditionally, metallization layers are formed in a
dielectric layer stack including, for example, silicon dioxide
and/or silicon nitride with aluminum as the typical metal.
Since aluminum exhibits significant electromigration at
higher current densities than may be necessary in integrated
circuits having extremely scaled feature sizes, aluminum is
being replaced by copper or copper alloys, which have a
significantly lower electrical resistance and a higher resis-
tivity against electromigration. For devices having feature
sizes of 0.09 um and less, it turns out that simply replacing
aluminum by copper-based metals does not provide the
required decrease of the parasitic RC time constants, and
therefore the well established and well known dielectric
materials silicon dioxide (k=4.2) and silicon nitride (k>5)
are increasingly replaced by so-called low-k dielectric mate-
rials having a relative permittivity of less than 3.1. However,
the transition from the well-known and well-established
aluminumy/silicon dioxide metallization layer to a low-k
dielectric/copper-based metallization layer is associated
with a plurality of problems that need to be addressed.

[0007] For example, copper may not be deposited in
relatively high amounts in an efficient manner by well-
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established deposition methods, such as chemical and physi-
cal vapor deposition. Moreover, copper may not efficiently
be patterned by well-established anisotropic etch processes.
Therefore, the so-called damascene technique is frequently
employed in forming metallization layers including copper
lines. Typically, in the damascene technique, the dielectric
layer is deposited and then patterned with trenches and vias
that are subsequently filled with copper by plating methods,
such as electroplating or electroless plating. Although the
damascene technique is presently a well-established tech-
nique for forming copper-based metallization layers in stan-
dard dielectric materials, such as silicon dioxide, the
employment of low-k dielectrics, however, requires the
development of new dielectric diffusion barrier layers to
avoid copper contamination of adjacent material layers, as
copper may readily diffuse in a variety of dielectric mate-
rials. Although silicon nitride is known as an effective
copper diffusion barrier, silicon nitride may not be consid-
ered as an option in low-k dielectric layer stacks owing to its
high permittivity. Therefore, presently, silicon carbide is
deemed as a viable candidate for a copper diffusion barrier.
It turns out, however, that copper’s resistance against elec-
tromigration strongly depends on the interface between the
copper and the adjacent diffusion barrier layer. Therefore, in
sophisticated integrated circuits featuring high current den-
sities, it is generally preferable to use up to 20% nitrogen in
the silicon carbide layer, thereby remarkably reducing the
electromigration of copper as compared to the electromi-
gration that occurs in pure silicon carbide.

[0008] A further problem in forming low-k copper-based
metallization layers has been under-estimated in the past and
is now considered a major challenge in the integration of
low-k dielectrics. During the patterning of the low-k dielec-
tric material, advanced photolithography is required to
image the structure, including vias and/or trenches, into the
photo-resist that is sensitive in the deep UV range. In
developing the photoresist, certain portions of the resist,
which have been exposed, may however not be completely
removed as required and thus the structure may then not be
correctly transferred into the underlying low-k dielectric
material during the subsequent etch process. The effect of
insufficiently exposing and developing the photoresist is also
referred to as resist poisoning. It is believed that a significant
change of the resist sensitivity may be caused by an inter-
action of nitrogen and nitrogen radicals with the resist layer,
thereby locally blocking the photo acidic generator effect
during exposure and post-exposure bake of the resist and
thus locally modifying the resist structure after resist devel-
opment (footing). The problem is becoming even more
important as the wavelength of the lithography used is
reduced as a consequence of more sophisticated process
requirements. For instance, currently the patterning of criti-
cal features sizes of cutting edge devices may be performed
on the basis of a 193 nm (nanometer) light source, requiring
appropriately designed photoresists that are highly sensitive
in this wavelength range. It turns out, however, that with
increased sensitivity at shorter wavelengths, the available
photoresists also exhibit an increased sensitivity for resist
poisoning mechanisms. Since the introduction of the 90 nm
technology may also require a correspondingly advanced
lithography in the formation of a metallization layer con-
tacting the circuit elements, increased problems may occur
during the patterning of the low-k dielectric as nitrogen
and/or compounds may readily be present within the low-k
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material and other layers in the layer stack, which then may
interact with the resist exhibiting the increased sensitivity to
resist poisoning. With reference to FIGS. 1a-1c, a typical
conventional process flow will now be described to explain
the problems involved in patterning a metallization layer by
advanced photolithography in more detail.

[0009] FIG. 1la schematically shows a cross-sectional
view of a typical conventional semi-conductor device 100 in
which a low-k dielectric material layer 106 is to be patterned
by means of an advanced photolithography in which, for
instance, a 193 nm light source is used. The semiconductor
device 100 comprises a substrate 101, which may have
formed thereon one or more circuit elements that may, in
sophisticated devices, have critical dimensions of 0.1 um
and significantly less. For convenience, a corresponding
circuit element is not illustrated in FIG. 1a. Formed above
the substrate 101 is an interlayer dielectric 102, which may,
for instance, be comprised of silicon dioxide, silicon nitride
and the like, and which has formed therein a metal-contain-
ing region 103 providing electric contact to one or more
circuit elements within the substrate 101. The region 103
may be comprised of tungsten, tungsten silicide or any other
appropriate contact metal that is well known in the art. An
etch stop layer 104, for instance comprised of silicon nitride,
silicon carbide, nitrogen-enriched silicon carbide and the
like, may be formed on the interlayer dielectric 102. A
capping layer 110 comprised of silicon dioxide is formed on
the low-k dielectric layer 106, since the low-k material
usually suffers from a reduced hardness and stiffness com-
pared to, for instance, silicon dioxide or silicon nitride.
Hence, the capping layer 110 is provided to reduce dishing
and erosion effects during a chemical mechanical polishing
process performed later on for removing excess metal.

[0010] An anti-reflective coating (ARC) layer 105 is
located on top of the dielectric layer 106, wherein the ARC
layer 105 is comprised of silicon oxynitride. Optical char-
acteristics of the ARC layer 105 are tuned in accordance
with the requirements of a subsequent photolithography
process to be performed to pattern the ARC layer 105 and
the underlying capping layer 110 and the dielectric layer
106. For example, the index of refraction in combination
with a thickness of the ARC layer 105 is selected with
respect to an exposure wavelength of the subsequent pho-
tolithography to reduce back-reflection from a bottom sur-
face 107a of a resist layer 107 that is formed on the ARC
layer 105, wherein, according to the required optical reso-
lution of the lithography process, the resist layer 107 is
selected for a specified exposure wavelength. As previously
discussed, for sophisticated applications, the 248 nm lithog-
raphy is increasingly being replaced by a 193 nm lithogra-
phy, so that the resist layer 107 exhibits an enhanced
sensitivity in this wavelength range, however, at the price of
also exhibiting an increased reactivity with nitrogen and
nitrogen compounds. The increased reactivity of the resist
layer 107 with nitrogen and nitrogen compounds may
degrade the formation of an opening 108, indicated by
dashed lines, which is to be formed within the resist layer
107 to form a corresponding trench in the ARC layer 105,
the capping layer 110 and the dielectric layer 106.

[0011] A typical process flow for forming the semicon-
ductor device 100 as shown in FIG. 1a may comprise the
following processes. After the formation of any circuit
elements in the substrate 101, the metal-containing region
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103 embedded into the interlayer dielectric 102 is formed in
accordance with well-established manufacturing processes.
For instance, depending on the dimensions of the circuit
elements, which the metal-containing region 103 is con-
nected to, a correspondingly designed lithography process
has to be used, possibly on the basis of a radiation source
with a wavelength of 193 nm. Thereafter, the etch stop layer
104 may be deposited by well-established deposition tech-
niques, such as plasma enhanced chemical vapor deposition
(PECVD) with a desired thickness and material composi-
tion.

[0012] Thereafter, the low-k dielectric layer 106 is formed
by means of deposition and/or spin-on techniques as are
required by the material composition of the dielectric layer
106. For instance, SiCOH is a frequently used material
composition for low-k dielectrics, which may, depending on
the microstructure of the material, be deposited by various
process recipes. In other cases, the dielectric layer 106 may
be formed by spin-on techniques when materials of signifi-
cantly reduced permittivity are required. Thereafter, the
capping layer 110 is deposited by PECVD from TEOS or
silane. Then, the ARC layer 105 is formed by well-estab-
lished PECVD techniques wherein process parameters are
controlled such that the desired optical behavior of the ARC
layer 105 is obtained. That is, during the deposition, the ratio
of nitrogen and oxygen in the ARC layer 105 is adjusted to
achieve, in combination with a specified layer thickness, a
low back-reflection from the surface 107a at the exposure
wavelength under consideration. In some conventional
approaches, the ARC layer 105 is formed by spin-on tech-
niques with nitrogen-depleted materials, wherein, however,
a poor etch selectivity to the layer 106 may result in
subsequent etch processes. Next, the resist layer 107 is
formed by spin-on techniques including any appropriate
pre-eXposure processes.

[0013] As is evident from the above description, nitrogen
is incorporated in a plurality of layers, such as the etch stop
layer 104 and in particular the ARC layer 105, and may also
be present in varying amounts in the form of nitrogen,
nitrogen compounds and nitrogen radicals in the low-k
dielectric layer 106, as these materials are typically present
in any processes for forming the layers 104 and/or 106
and/or 105. The nitrogen and corresponding compounds
may readily diffuse into the resist layer 107 or the nitrogen
may come directly into contact with the resist layer 107 as
it represents a considerable amount of the stoichiometric
composition of the ARC layer 105. Hence, the nitrogen may
interact with the resist material, thereby degrading the
sensitivity of the resist with respect to an exposure wave-
length to be subsequently used. In particular, a resist
designed for a 193 nm exposure wavelength readily reacts
with nitrogen and its compounds, thereby deteriorating the
non-linear behavior of the resist upon exposure. As a con-
sequence, the dimensions of the opening 108 to be formed
within the resist layer 107, as indicated by the number 1085,
may not be imaged into the resist layer 107 as precisely as
is required for a subsequent patterning of the dielectric layer
106.

[0014] FIG. 1b schematically shows the semiconductor
device 100 after exposure and development of the resist
layer 107 to actually form the opening 108 therein. Due to
the degraded optical characteristics of the resist layer 107,
resist residue 1082 may remain after the development of the
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resist layer 107, thereby affecting the contour and/or the
dimensions of the opening 108. Since the resist layer 107
acts as an etch mask in a subsequent anisotropic etch
process, the variation of the contour and/or dimension of the
opening 108 also negatively affects the etch process, which
may finally lead to a metal trench of reduced reliability.

[0015] FIG. 1c schematically shows the semiconductor
device 100 after completion of the anisotropic etch process
for opening the ARC layer 105, the capping layer 110, the
dielectric layer 106 and the etch stop layer 104. A trench 109
having a contour and dimension that may significantly
deviate from the target dimension, as indicated by the
dashed lines 108b, is formed within the dielectric layer 106.

[0016] FIG. 1d schematically illustrates the semiconduc-
tor device 100 after depositing a barrier layer 112, filling
copper 111 into the trench 109 and removing excess mate-
rial. The above process sequence may be performed by
well-established damascene process flows including the
sputter deposition of the barrier layer 112 and a seed layer
(not shown), followed by an electrochemical deposition of
the copper 111. Thereafter, the excess material of the copper
111 and the barrier layer 112 is removed by chemical
mechanical polishing (CMP), wherein also the ARC layer
105 is removed. During the CMP process, the capping layer
110 imparts sufficient mechanical stability to the low-k
dielectric layer 106 and also acts as a CMP stop layer. Since
the width of the trench 109 may be in the range of 0.1 um
and even significantly less for a semiconductor device of a
90 nm technology, the fluctuation in lateral dimension may
result in a copper line of reduced reliability, thereby nega-
tively influencing production yield and thus production
costs.

[0017] In view of the problems identified above, there is a
need for an improved technique enabling the patterning of a
low-k dielectric layer without undue resist poisoning and
adequate mechanical stability for advanced lithography
using an exposure wavelengths of, for example, 248 nm and
even less.

SUMMARY OF THE INVENTION

[0018] The following presents a simplified summary of the
invention in order to provide a basic understanding of some
aspects of the invention. This summary is not an exhaustive
overview of the invention. It is not intended to identify key
or critical elements of the invention or to delineate the scope
of the invention. Its sole purpose is to present some concepts
in a simplified form as a prelude to the more detailed
description that is discussed later.

[0019] Generally, the present invention is directed to a
technique that enables the formation of a substantially
nitrogen-free ARC layer to significantly reduce any resist
poisoning effects in even highly sensitive photoresists.
Moreover, the substantially nitrogen-free ARC layer is pro-
vided with a mechanical stability that is sufficient to act as
a stabilizing capping layer and CMP stop layer for the low-k
dielectric, thereby no longer necessitating a separate capping
layer and thus reducing process complexity. In this respect,
the term “nitrogen-free” or “substantially nitrogen-free,”
when used with respect to the material composition of a
layer, is meant to describe a layer having a composition
represented by stoichiometric formula that does not include
nitrogen. It should, however, be borne in mind that minute
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amounts of nitrogen may still be present within such a
substantially nitrogen-free layer owing to a slight contami-
nation with nitrogen caused by process tools and/or diffusion
effects. However, these nitrogen impurities do not affect the
optical, mechanical, chemical characteristics of the “nitro-
gen-free” ARC layer. Thus, a layer having a nitrogen content
of less than 1 atomic percent or preferably of less than 0.1
atomic percent may be considered as a substantially nitro-
gen-free layer. The present invention is based on the concept
that particularly the ARC layer formed below a resist layer
may advantageously be formed of a material without any
appreciable amounts of nitrogen and providing similar
mechanical characteristics as a conventional silicon dioxide
capping layer, wherein, in some embodiments, the ARC/
capping layer is formed by a process that does not require
any nitrogen as process or carrier gas, thereby reducing the
potential of contaminating the substantially nitrogen-free
ARC/capping layer.

[0020] According to one illustrative embodiment of the
present invention, a method comprises forming a low-k
dielectric layer above a substrate and forming a substantially
nitrogen-free ARC/capping layer with preselected optical
characteristics and thickness on the low-k dielectric layer.
Furthermore, a resist layer is formed on the substantially
nitrogen-free ARC/capping layer and is patterned by a
photolithography process, wherein the ARC/capping layer
acts as an anti-reflective layer during the photolithography
process. A trench is formed in the substantially nitrogen-free
ARC/capping layer and the low-k dielectric layer using the
patterned resist layer as an etch mask and a conductive
material is deposited to fill the trench. Finally, excess
conductive material and a portion of the substantially nitro-
gen-free ARC/capping layer are removed to maintain a
minimum layer thickness of the substantially nitrogen-free
ARC/capping layer.

[0021] In accordance with another illustrative embodi-
ment of the present invention, a method comprises deter-
mining a removal rate for a carbon-containing silicon diox-
ide layer for specified CMP process conditions as used for
removing excess copper and barrier material from a low-k
dielectric layer. Furthermore, a desired value for a minimum
layer thickness of the carbon-containing silicon dioxide
layer after the CMP process is determined. Additionally, a
minimum initial layer thickness of the carbon-containing
silicon dioxide layer is determined on the basis of the
removal rate, the specified CMP process conditions and the
minimum layer thickness. The method further comprises
selecting at least one of a carbon content and a layer
thickness to obtain a predefined anti-reflective characteristic
of the carbon-containing silicon dioxide layer for a given
exposure wavelength, wherein the layer thickness is equal to
or higher than the minimum initial layer thickness. A second
carbon-containing silicon dioxide layer having the anti-
reflective characteristic is formed on the low-k dielectric
layer for a plurality of substrates. Finally, a metallization
layer is formed on the plurality of substrates using the
second carbon-containing silicon dioxide layer as the anti-
reflective coating and capping layer for the low-k dielectric
layers.

[0022] In accordance with a further illustrative embodi-
ment of the present invention, a semi-conductor device
comprises a substrate having formed thereon a circuit ele-
ment and a low-k dielectric layer formed above the circuit
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element. The device further comprises a metal-filled trench
formed in the low-k dielectric layer and a carbon-containing
silicon dioxide layer formed on the low-k dielectric layer.

[0023] In accordance with still a further illustrative
embodiment of the present invention, a semiconductor
device comprises a substrate having formed thereon a circuit
element and a low-k dielectric layer formed above the circuit
element. The device further comprises a metal-filled trench
formed in the low-k dielectric layer and an oxygen-contain-
ing silicon carbide layer formed on the low-k dielectric
layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The invention may be understood by reference to
the following description taken in conjunction with the
accompanying drawings, in which like reference numerals
identify like elements, and in which:

[0025] FIGS. 1a-1d schematically show cross-sectional
views of a semiconductor device during the patterning of a
metallization layer in accordance with conventional process
strategies;

[0026] FIGS. 2a-2d schematically show cross-sectional
views of a semiconductor device during various manufac-
turing stages for patterning a metallization layer in accor-
dance with illustrative embodiments of the present inven-
tion; and

[0027] FIGS. 3a-3¢ schematically show graphs represent-
ing results of simulation calculations to establish appropriate
target values for a process recipe to form a nitrogen-free
ARC layer in accordance with illustrative embodiments of
the present invention.

[0028] While the invention is susceptible to various modi-
fications and alternative forms, specific embodiments
thereof have been shown by way of example in the drawings
and are herein described in detail. It should be understood,
however, that the description herein of specific embodiments
is not intended to limit the invention to the particular forms
disclosed, but on the contrary, the intention is to cover all
modifications, equivalents, and alternatives falling within
the spirit and scope of the invention as defined by the
appended claims.

DETAILED DESCRIPTION OF THE
INVENTION

[0029] TIllustrative embodiments of the invention are
described below. In the interest of clarity, not all features of
an actual implementation are described in this specification.
It will of course be appreciated that in the development of
any such actual embodiment, numerous implementation-
specific decisions must be made to achieve the developers’
specific goals, such as compliance with system-related and
business-related constraints, which will vary from one
implementation to another. Moreover, it will be appreciated
that such a development effort might be complex and
time-consuming, but would nevertheless be a routine under-
taking for those of ordinary skill in the art having the benefit
of this disclosure.

[0030] The present invention will now be described with
reference to the attached figures. Various structures, systems
and devices are schematically depicted in the drawings for
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purposes of explanation only and so as to not obscure the
present invention with details that are well known to those
skilled in the art. Nevertheless, the attached drawings are
included to describe and explain illustrative examples of the
present invention. The words and phrases used herein should
be understood and interpreted to have a meaning consistent
with the understanding of those words and phrases by those
skilled in the relevant art. No special definition of a term or
phrase, i.e., a definition that is different from the ordinary
and customary meaning as understood by those skilled in the
art, is intended to be implied by consistent usage of the term
or phrase herein. To the extent that a term or phrase is
intended to have a special meaning, i.e., a meaning other
than that understood by skilled artisans, such a special
definition will be expressly set forth in the specification in a
definitional manner that directly and unequivocally provides
the special definition for the term or phrase.

[0031] The present invention provides a technique for
significantly reducing the probability of an interaction of
nitrogen and nitrogen-containing compounds with a photo-
resist in advanced lithography techniques requiring the
application of an ARC layer formed between the photoresist
layer and a material layer to be patterned, while reducing the
process complexity by providing an ARC layer that also acts
as a capping layer protecting the low-k material during etch
and CMP processes. Since the effect of resist poisoning
generally influences the formation of circuit features in
metallization layers of highly advanced semi-conductor
devices, as typically low-k dielectric materials are used here
in combination with photoresists that are highly sensitive to
nitrogen and nitrogen-containing compounds, the present
invention is especially advantageous for patterning low-k
dielectric materials in accordance with critical dimensions
on the order of 100 nm and less. With reference to FIGS.
2a-2d and 3a-3c, further illustrative embodiments of the
present invention will now be described in more detail.

[0032] FIG. 2a schematically shows a semiconductor
structure 200 comprising a substrate 201, which may include
circuit elements, such as transistors, capacitors and the like.
So as not to obscure the present invention, such elements are
not shown in FIGS. 2a-2¢. In other examples, the substrate
201 may represent any substrate for receiving minute struc-
ture elements that have to be formed within the substrate 201
or thereon by means of advanced photolithography tech-
niques. In particular embodiments, the substrate 201 may
represent a substrate having formed thereon silicon-based
circuit elements that have been fabricated by a technology
characterized by a technology mode of 90 nm or less.

[0033] The semiconductor structure 200 further comprises
a low-k dielectric layer 206, which may have a relative
permittivity of approximately 3.1 or less and, in a particular
embodiment, of approximately 2.8 or less. For instance, the
dielectric layer 206 may represent a polymer material having
a relative permittivity of less than 3.1. In one particular
embodiment, the dielectric layer 206 comprises silicon,
carbon, oxygen and hydrogen, represented by the formula
SiCOH, with a relative permittivity of 2.8 or less.

[0034] An ARC/capping layer 205 is formed on the dielec-
tric layer 206 and may be comprised of silicon dioxide
including carbon. The ARC/capping layer 205 represents a
substantially nitrogen-free layer in the sense that nitrogen
may only be present in the layer 205 in the form of
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impurities that may have been introduced from the under-
lying layer 206 or from process tools during the formation
of the ARC/capping layer 205. Thus, contrary to the con-
ventional ARC layer 105, in which nitrogen represents an
essential component for adjusting the optical characteristics
thereof, the ARC/capping layer 205 is characterized by a
chemical formula on the basis of silicon, carbon and oxygen,
wherein any minute amounts of nitrogen do not determine
any optical, mechanical, physical and chemical characteris-
tics of the layer 205. In some embodiments, the ARC/
capping layer 205 may also comprise hydrogen in an amount
of approximately 5 atomic percent or less. Generally, the
mechanical characteristics, that is, hardness and stiffness,
are comparable with those of a silicon dioxide layer, such as
the layer 110 in FIGS. 1la-1d. A thickness 2054 of the
ARC/capping layer 205 is selected to provide sufficient
CMP stop properties in a CMP process that is later to be
performed. In a particular embodiment, the thickness 2054
is selected to maintain a minimum thickness 205b after the
CMP process. The minimum thickness 205b may be
approximately 10 nm or more. Moreover, the thickness 2054
is selected in conformity with optical characteristics of the
layer 205, such as the index of refraction “n” and the
extinction coefficient “k” in order to minimize back-reflec-
tion for a specified exposure wavelength, as will be
explained in more detail below.

[0035] A typical process flow for forming the semicon-
ductor structure 200 as shown in FIG. 2a may comprise the
following processes. Depending on the type of substrate and
whether there are circuit elements provided thereon or not,
a plurality of previous manufacturing processes, possibly on
the basis of advanced photolithography techniques, may
have been performed. Thereafter, the low-k dielectric layer
206 may be formed above the substrate 201 by any appro-
priate technique, such as CVD deposition or spin-on meth-
ods. Since the low-k dielectric layer 206 is less dense and
mechanically stable compared to silicon dioxide, typically a
plurality of materials, such as nitrogen, may readily diffuse
up to the ARC/capping layer 205, which then may signifi-
cantly reduce a diffusion through the surface of the layer
206, and may also enhance the mechanical integrity of this
layer. Up-diffusion of nitrogen does not substantially impact
the nitrogen-free layer 105.

[0036] Thereafter, the semiconductor structure 200 may in
one embodiment be exposed to a deposition atmosphere
250, which may be established in any appropriate deposition
tool that is equipped to also provide a plasma within the
deposition atmosphere 250. Corresponding PECVD depo-
sition tools are readily available and may be effectively used
with the present invention. In one particular embodiment, a
PECVD deposition tool from Applied Materials, available
under the name Producer™, may be advantageously used.
As previously discussed, for obtaining a low nitrogen impu-
rity rate in the layer 205, a corresponding process tool for
establishing the deposition atmosphere 250 may correspond-
ingly be cleaned by using process gases other than nitrogen-
containing precursors and carrier gases. After a correspond-
ing cleaning process or by using a process tool dedicated to
nitrogen-free processes, in one particular embodiment, the
deposition atmosphere 250 is created on the basis of carbon
dioxide (CO2) or carbon monoxide (CO) and silane (SiH4)
precursors. In some embodiments, it is advantageous to use
helium as a carrier gas, while, in other embodiments, other
gases, such as argon, may be used. A plasma may be excited

Feb. 2, 2006

in the deposition atmosphere 250 by supplying high fre-
quency power, wherein, depending on the chamber geom-
etry of the process tool used, the power of the high fre-
quency, as well as a distance of the deposition atmosphere
250 from the substrate 201, may be selected to obtain the
required deposition rate. For instance, for the above-identi-
fied Producer™ system, the high frequency power may be
adjusted to approximately 70-110 Watts with a spacing of a
corresponding shower head to the substrate 201 in the range
of approximately 450-550 mils. A pressure within the depo-
sition atmosphere 250 may, in one embodiment, be adjusted
to the range of approximately 5.5-6.8 Torr or, in other
embodiments, to approximately 6.3+0.5 Torr.

[0037] With the above-specified parameters, the thickness
2054 of the ARC/capping layer 205 may be varied within a
wide range of approximately 40-170 nm and, in particular
embodiments, in the range of approximately 50-150 nm,
wherein the thickness is advantageously controlled by the
deposition time. Based on the above parameters, a deposi-
tion rate of approximately 100-140 nm per minute may be
achieved. In one illustrative embodiment, the across-sub-
strate non-uniformity of the ARC layer 205 may be main-
tained at 1.5% or less.

[0038] For the above-specified parameters, the ARC layer
205 may have a thickness of approximately 60-120 nm, with
an across-substrate non-uniformity of less than approxi-
mately 1.5%, achieved by a deposition rate of approximately
120+12 nm/minute. The index of refraction is approximately
1.92+0.3, while the extinction coefficient is approximately
0.65+0.3 at 193 nm wavelength. It should be noted that the
characteristics determining the optical behavior of the ARC/
capping layer 205, that is the thickness 205g, the index of
refraction and the extinction coefficient, may be varied by
correspondingly controlling the deposition parameters. For
instance, the ratio of silicon and carbon dioxide may be
varied within a range of approximately 0.012-0.02 to adjust
the index of refraction to a desired target value. However,
other parameters, such as temperature and pressure, may be
correspondingly adjusted to obtain the desired target value.
One or more target values for one or more optical charac-
teristics of the ARC layer 205 may be determined in advance
on the basis of a desired initial thickness 2054, as will be
described in more detail with reference to FIGS. 3a-3c.

[0039] In other embodiments, the ARC/capping layer 205
may be formed by PECVD on the basis of TEOS, oxygen
and/or ozone and carbon dioxide or carbon monoxide. For
instance, well-established recipes for the deposition of sili-
con dioxide may be modified to provide carbon oxide in the
deposition atmosphere to adjust the carbon concentration in
the layer 205. Similarly, other process parameters, such as
plasma power, temperature, pressure and the like may be
varied and the correspondingly obtained test layers may be
estimated with respect to their optical properties to correlate
a specific process recipe with the optical behavior of the
layer 205. From these results, the appropriate thickness 2054
may be selected for a given index of refraction and extinc-
tion coefficient, which are correlated to a specific process
recipe.

[0040] Insome embodiments, the concentration of carbon
within the layer 205 may vary along the thickness 2054 to
vary the optical and/or mechanical characteristics in a
gradual or step-wise manner. For example, the deposition
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process may be performed to start with a substantially low
carbon concentration, that is, a silicon dioxide layer, and
increase the carbon concentration. Likewise, a substantially
“pure” silicon carbide layer may initially be deposited with
an increasing amount of oxygen to adjust the optical and/or
mechanical characteristics. A plurality of different process
recipes for forming the ARC/capping layer 205 may be
correlated with respective optical characteristics, that is, the
index of refraction and the extinction coefficient by perform-
ing a plurality of test runs with varied process conditions and
subsequent measurements.

[0041] FIG. 2b schematically shows the semiconductor
structure 200 with a resist layer 207 formed on the ARC/
capping layer 205. In embodiments relating to highly
sophisticated semiconductor devices, the resist layer 207
may represent a photoresist designed for a 193 nm exposure
wavelength. In one particular embodiment, the optical char-
acteristics and the thickness 2054 of the ARC/capping layer
205 are selected to maintain a back-reflection of exposure
radiation 210 from a bottom surface 207a of the resist layer
207 at approximately 3% and less. Moreover, the extinction
coefficient and the layer thickness 2052 may be selected
such that an influence of thickness variations of the dielec-
tric layer 206 on the lithography using the exposure radia-
tion 210 may be significantly reduced. That is, the optical
characteristics of the ARC/capping layer 205 are adjusted to
maintain the back-reflection below a specified level, for
instance approximately 3%, even if the thickness of the layer
206 varies, thereby effectively optically “decoupling” the
resist layer 207 and the ARC/capping layer 205 from any
underlying material layers. It is to be noted that reducing the
thickness 2054 of the ARC/capping layer 205 may result in
a reduced reflectivity but may not provide the desired degree
of decoupling. The increased optical decoupling may be
achieved by selecting the extinction coefficient and the layer
thickness 2054 of the ARC/capping layer 205 to be moder-
ately high, as will also be explained with reference to FIGS.
3a-3c.

[0042] FIG. 2¢ schematically shows the semiconductor
structure 200 in a further advanced manufacturing stage. An
opening or trench 208 is formed in the ARC/capping layer
205 and the low-k dielectric layer 206 with a barrier layer
212 and a seed layer 213 formed on the layer 205 and within
the trench 208.

[0043] The semiconductor structure 200 as shown in FIG.
2¢ may be formed by the following processes. Based on the
superior characteristics of the ARC/capping layer 205 acting
as an ARC layer and a highly selective etch mask, the resist
layer 207 may be patterned and the corresponding resist
mask may be used for forming the opening or trench 208 in
accordance with process specifications, wherein the effect of
resist poisoning may be significantly reduced. During a
corresponding etch process for forming the opening 208, the
ARC/capping layer 205 may serve as an etch mask after the
resist may have been “consumed” by the etch process,
wherein the ARC/capping layer 205 also provides increased
etch selectivity compared to nitrogen-depleted conventional
ARC layers formed by spin-on techniques. Thereafter, the
barrier layer 212 and the seed layer 213 may be formed by
well-established sputter deposition techniques or other pro-
cesses, such as atomic layer deposition (ALD), electro-
chemical deposition and the like. Subsequently, copper or a
copper-based metal may be deposited to fill the trench 208.
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[0044] FIG. 2d schematically shows the semiconductor
structure 200 with the trench 208 filled with a metal, such as
copper 214. Moreover, the ARC/capping layer 205 is now
reduced to the thickness 2055 and is indicated as layer 205c¢.
The copper 214 may be deposited by electroplating or
electroless plating and the excess metal or portions thereof
may be removed by CMP, thereby also removing the layers
212 and 213 on exposed surface portions. Due to the
selection of the initial thickness 205a to provide at least the
minimum thickness 205b at the end of the CMP process, the
layers 212 and 213 may reliably be removed without com-
promising the integrity of the low-k dielectric layer 206. For
this purpose, the removal rate for a specific CMP recipe to
be used may be established for a plurality of different test
layers 205. From these removal rates, a “save” layer thick-
ness 2052 may be determined to arrive at the minimum
thickness 205b for a given CMP process time that is con-
sidered necessary once the layer 213 begins to be exposed
during the CMP process. During the determination of the
save thickness 2054, the possible material removal of the
layer 205 during the process for etching through the layer
206 after the resist mask is consumed may also be taken into
consideration. Based on the determined save thickness 2054,
a corresponding process recipe, i.e., corresponding optical
characteristics of the layer 205, may be determined on the
basis of simulations and the results of test measurements
with respect to the correlation of optical characteristics and
deposition parameters, as is previously discussed.

[0045] Thus, based on the thickness 205a, the optical
characteristics of the ARC/capping layer 205 may be
selected in advance for a desired optical behavior during a
sophisticated photolithography process so that correspond-
ing process parameters, i.e., an appropriate process recipe,
for forming the layer 205 may correspondingly be deter-
mined.

[0046] FIG. 3a represents a graph depicting the relation-
ship between the extinction coefficient “k” (vertical axis)
and the index of refraction “n” (horizontal axis) for a varying
degree of reflection “R” (gray scales) from the bottom
surface 207a of the resist layer 207. The results shown are
based on a corresponding simulation calculation. The cal-
culations are based on a value of 45 nm for the thickness
2054 of the ARC/capping layer 205. A relatively high value
for the extinction coefficient is selected to decouple the
optical behavior of the ARC layer 205 and the resist layer
207 from the underlying substrate. However, as is indicated,
for a value of 0.6 for the extinction coefficient, the reflec-
tivity is still approximately 5%.

[0047] FIG. 3b schematically shows the dependency of
the extinction coefficient “k” (vertical axis) from the layer
thickness (horizontal axis) on the basis of the intensity
reflected from the resist bottom surface 207a (gray scales).
As is indicated by FIG. 3b, increasing the layer thickness to
approximately 60 nm may lead to a reduced reflectivity of
approximately 3% at a desirably high extinction coefficient
of approximately 0.6.

[0048] 1t is now assumed that, for a specified process flow,
the save thickness 205a has been determined to be approxi-
mately 45 nm so that a higher value, such as 60 nm, will
reliably provide sufficient tolerance. However, a similar
procedure may be performed for other values of the thick-
ness 205a.
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[0049] FIG. 3c shows a graph depicting the dependency
of the index of refraction “n” (vertical axis) with respect to
the layer thickness (horizontal axis) and the resulting
reflected intensity (gray scales). As may be seen, an index of
refraction of approximately 1.8 may be selected at the layer
thickness of approximately 60 nm to obtain a reflectivity of
approximately 2-3%. Thus, target values for the index of
refraction, the extinction coefficient and the layer thickness
of approximately 1.8, 0.6 and 60 nm, respectively, may be
selected for a lithography process based on a 193 nm
exposure wavelength.

[0050] Since corresponding process conditions for form-
ing the layer 205 having the target values 1.8 and 0.6 for the
index of refraction and the extinction coefficient, respec-
tively, may have been identified previously, an appropriate
deposition time may be selected to obtain the desired
thickness 205a. Once the process conditions for forming the
layer 205 are determined, this process may be applied to a
plurality of product substrates.

[0051] 1t should be appreciated that the above calculations
may also be performed for a layer 205 having optical
characteristics that vary along the thickness 205a.

[0052] As a result, the present invention provides an
improved technique for a substantially nitrogen-free ARC/
capping layer that is particularly advantageous in combina-
tion with a 193 nm lithography. In addition to a significantly
reduced poisoning effect, the substantially nitrogen-free
ARC layer also exhibits an improved etch selectivity with
respect to an underlying dielectric material compared to
spin-on ARC layers, as are frequently used in conventional
processes. Moreover, the technique described here provides
a high degree of flexibility in adapting the mechanical
characteristics of the substantially nitrogen-free ARC/cap-
ping layer to CMP, etch and other process requirements,
while maintaining production costs at a low level. In par-
ticular, a single deposition process may be sufficient to
provide anti-reflective characteristics and ensure the
mechanical integrity of the low-k material during CMP.
Advantageously, the ARC/capping layer is comprised of
silicon, oxygen and carbon, wherein the mechanical char-
acteristics may be those of a silicon dioxide layer or a silicon
carbide layer.

[0053] The particular embodiments disclosed above are
illustrative only, as the invention may be modified and
practiced in different but equivalent manners apparent to
those skilled in the art having the benefit of the teachings
herein. For example, the process steps set forth above may
be performed in a different order. Furthermore, no limita-
tions are intended to the details of construction or design
herein shown, other than as described in the claims below.
It is therefore evident that the particular embodiments dis-
closed above may be altered or modified and all such
variations are considered within the scope and spirit of the
invention. Accordingly, the protection sought herein is as set
forth in the claims below.

What is claimed:
1. A method, comprising:

forming a low-k dielectric layer above a substrate;

forming a substantially nitrogen-free ARC/capping layer
with preselected optical characteristics and thickness
on said low-k dielectric layer;
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forming a resist layer on said substantially nitrogen-free
ARC/capping layer;

patterning said resist layer by a photolithography process,
said ARC/capping layer acting as an anti-reflective
layer during said photolithography process;

forming a trench in said substantially nitrogen-free ARC/
capping layer and said low-k dielectric layer using said
patterned resist layer as an etch mask;

depositing a conductive material to fill said trench; and

removing excess conductive material and a portion of said
substantially nitrogen-free ARC/capping layer to main-
tain a minimum layer thickness of said substantially
nitrogen-free ARC/capping layer.

2. The method of claim 1, wherein said substantially
nitrogen-free ARC/capping layer is comprised of carbon-
containing silicon dioxide.

3. The method of claim 2, wherein said substantially
nitrogen-free ARC/capping layer is formed by plasma
enhanced chemical vapor deposition on the basis of carbon
oxide, silane and a noble gas.

4. The method of claim 2, wherein said substantially
nitrogen-free ARC/capping layer is formed by plasma
enhanced chemical vapor deposition on the basis of TEOS,
oxygen and carbon oxide.

5. The method of claim 1, wherein forming said substan-
tially nitrogen-free ARC/capping layer comprises control-
ling at least one process parameter to obtain at least one
layer characteristic that varies along the thickness of the
substantially nitrogen-free ARC/capping layer.

6. The method of claim 5, wherein said substantially
nitrogen-free ARC/capping layer comprises carbon, whose
concentration varies along the thickness of the substantially
nitrogen-free ARC/capping layer.

7. The method of claim 1, further comprising determining
said preselected optical characteristics and thickness for a
given desired value of said minimum layer thickness.

8. The method of claim 7, wherein said minimum layer
thickness is at least approximately 10 nm.

9. The method of claim 7, wherein said optical charac-
teristics and thickness are determined for an exposure wave-
length of approximately 193 nm.

10. The method of claim 1, wherein a relative permittivity
of said low-k dielectric layer is approximately 2.8 or less.

11. A method, comprising:

determining a removal rate for a carbon-containing silicon
dioxide layer for specified chemical mechanical pol-
ishing process conditions as used for removing excess
copper and barrier material from a low-k dielectric
layer;

determining a desired value for a minimum layer thick-
ness of said carbon-containing silicon dioxide layer
after said chemical mechanical polishing process;

determining a minimum initial layer thickness of said
carbon-containing silicon dioxide layer on the basis of
said removal rate, the specified chemical mechanical
polishing process conditions and said minimum layer
thickness;

selecting at least one of a carbon content and a layer
thickness to obtain a predefined anti-reflective charac-
teristic of said carbon-containing silicon dioxide layer
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for a given exposure wavelength, said layer thickness
being equal to or higher than said minimum initial layer
thickness;

forming a second carbon-containing silicon dioxide layer
having said anti-reflective characteristic on said low-k
dielectric layer formed on a plurality of substrates; and

forming a metallization layer on said plurality of sub-
strates using said second carbon-containing silicon
dioxide layer as anti-reflective coating and capping
layer for said low-k dielectric layers.

12. The method of claim 11, wherein said minimum initial
layer thickness is approximately 60 nm or more.

13. The method of claim 11, wherein said carbon-con-
taining silicon dioxide layer is formed by plasma enhanced
chemical vapor deposition on the basis of carbon oxide,
silane and a noble gas.

14. The method of claim 11, wherein said carbon-con-
taining silicon dioxide layer is formed by plasma enhanced
chemical vapor deposition on the basis of TEOS, oxygen
and carbon oxide.

15. The method of claim 11, wherein forming said carbon-
containing silicon dioxide layer comprises controlling at
least one process parameter to obtain at least one layer
characteristic that varies along the thickness of the carbon-
containing silicon dioxide layer.

16. The method of claim 11, further comprising deter-
mining an etch rate for said carbon-containing silicon diox-
ide layer for specified etch process conditions as used for
forming a trench in said low-k dielectric layer, and deter-
mining said minimum initial layer thickness on the basis of
said etch rate.
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17. A semiconductor device, comprising:
a substrate having formed thereon a circuit element;
a low-k dielectric layer formed above said circuit element;

a metal-filled trench formed in said low-k dielectric layer;
and

a carbon-containing silicon dioxide layer formed on said

low-k dielectric layer.

18. The semiconductor device of claim 17, wherein a
width of said trench is approximately 90 nm or less.

19. The semiconductor device of claim 18, wherein said
low-k dielectric layer, said carbon-containing silicon diox-
ide layer and said metal-filled trench represent a portion of
a copper-based metallization layer of an integrated circuit.

20. A semiconductor device, comprising:

a substrate having formed thereon a circuit element;
a low-k dielectric layer formed above said circuit element;

a metal-filled trench formed in said low-k dielectric layer;
and

an oxygen-containing silicon carbide layer formed on said
low-k dielectric layer.
21. The semiconductor device of claim 20, wherein a

width of said trench is approximately 90 nm or less.

22. The semiconductor device of claim 21, wherein said
low-k dielectric layer, said oxygen-containing silicon car-

bide layer and said metal-filled trench represent a portion of

a copper-based metallization layer of an integrated circuit.
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